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Root patterning: Does auxin provide positional cues?
Peter Doerner
Patterning of Arabidopsis roots is mediated by cell–cell
interactions, information flowing from differentiated to
immature cells. The plant growth regulator auxin has
now been shown to be involved in organizing the distal
end of the root apex, including the extent and pattern of
cell division programs and specification of cell identity.
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The root of the model plant Arabidopsis is made up of long
linear arrays of cells, known as cell files, which are generated
by stereotypical cell divisions in the root apical meristem. In
the root meristem, four quiescent central cells are surrounded
by stem cells called initials, the progeny of which progres-
sively acquire position-dependent cell fates (Figure 1a). The
central cells are required to maintain the stem-cell proper-
ties of the initials [1]. Mature root cells provide signals for
the differentiation of the cells produced by the initials [2],
suggesting that precisely orientated cell divisions are not a
prerequisite for patterning. For example, mutations in the
FASS gene randomize patterns of cell division and change
the shape of the developing root, but do not disrupt radial
patterning [3,4]. Three major questions emerged from
these observations. First, what is the molecular identity of
the signals required for appropriate patterning? Second, are
these signals organized hierarchically, so that the the cell
specification program is progressively dependent on a cellu-
lar pre-pattern? And third, is the orientation of cell division
planes coordinated with the cell specification process?
Exciting progress has now been made towards answering
all three of these questions. Sabatini et al. [5] have now
shown that the plant growth regulator auxin is likely to be
involved in providing positional cues required for distal
meristem patterning. Auxin has long been known to be
involved in a plethora of plant processes, including
patterning. Auxin is presumed to be synthesized largely in
leaf primordia and young leaves, and it is the only plant
growth regulator known to be transported in a polar
fashion from the shoot apex to the base (root tip) of the
plant. Vectorial transport makes auxin well suited to
providing spatially patterned information about the state
of the shoot apex to the rest of the plant.
An early indication that auxin has a role in spatial patterning
during development was made when shoots were grafted
onto callus — cells growing in disorganized clumps in tissue
culture. Such grafts were found to induce vascular tissue
strands in the callus [6]. Moreover, when polar auxin trans-
port was impaired, either by application of inhibitors [7] or
in mutant backgrounds [8], morphological defects indica-
tive of the loss of patterning functions were observed.
Auxin flux is also required for the formation or reformation
of contiguous vascular strands following trauma [9,10].
Genetic analysis of the monopteros mutant of Arabidopsis
suggested that auxin signaling might be required at several
levels to provide cues for appropriate development. The
monopteros mutation was originally identified as an embry-
onic lethal, because all basal tissues of the plant body —
roots and hypocotyls — were missing in the mutant plants.
Detailed analysis of rare mutant individuals that did
develop further showed that MONOPTEROS is also
required later in development for the formation of contigu-
ous vascular tissues. MONOPTEROS encodes a member of
a class of transcription factors involved in auxin signal
transduction. Lastly, detailed measurements of auxin dis-
tribution in cambial tissues revealed a strong correlation of
a steep auxin concentration gradient with tissue organiza-
tion into xylem and phloem tissues [11].
Taken together, these analyses provided strong evidence
that auxin is involved in tissue patterning, but did not
reveal how it worked. The Arabidopsis root, with its stereo-
typed division patterns and developmental trajectories, is
ideally suited for investigating how auxin levels and the
direction of auxin flux might be involved in spatial pat-
terning. At the present time, auxin cannot be measured
directly with cellular resolution. Sabatini et al. [5] there-
fore used a reporter gene under the control of an auxin-
responsive regulatory sequence as a proxy for auxin
accumulation. They found that, in the wild-type root,
auxin accumulated strongly in the extreme root apex in
the columella initials and their progeny (Figure 1b). When
auxin levels and flux were perturbed genetically and
physiologically, the spatial pattern underwent striking
changes. Mutants defective in auxin transport or in auxin
responses accumulated either less auxin overall in this
zone, or much more diffuse auxin spread out over a larger
area. Subtle defects in columellar tissue organization were
observed in these mutants, suggestive of a role for auxin in
cell differentiation.
Treatment with auxin transport inhibitors (phytotropins)
resulted in much stronger effects on cell differentiation
and root patterning. This was not unexpected, because
genetic redundancy in the multigene family encoding
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auxin efflux carriers attenuates the effects of a single
mutant locus on auxin accumulation. Pharmacological inhi-
bition of auxin transport resulted, over a period of several
days, in a striking expansion of the domain with high levels
of auxin accumulation. In the region of this cup-shaped
domain (Figure 1c), radial root patterning was strongly
affected. The endodermal cells in this domain were trans-
formed into cells with quiescent center identity, while the
adjacent cortical and epidermal cells were transformed into
columellar initials and columellar cells, respectively. This
acquisition of an altered cell identity was accompanied by a
drastic change in the orientation of cell-division planes.
These effects were strongly attenuated in genetic back-
grounds unable to respond to auxin, indicating that auxin
perception was required for the re-organization of root pat-
terning. The lateral root cap markers previously observed
flanking the zone of maximum auxin accumulation were
now found distally displaced, indicating that they, too,
respond to the position of maximum auxin accumulation.
Extended growth of roots in the presence of auxin
transport inhibitors had even more dramatic effects. The
cup-shaped domain of auxin accumulation detached itself
from the root apex and became cylindrical (Figure 1c).
This cylindrical ‘meristem’ was sheathed laterally with root
cap cells. However, the basal end and, astonishingly, also
the apical end of this structure were flanked by the com-
plete menagerie of initials and their progeny cell types that
occurs in the root apical meristem. Hence, the prolonged
exposure to phytotropins resulted in a fused, mirror-image
duplication of the root apical meristem, symmetrical
around the root cap. Simultaneously, this resulted in a
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Figure 1
Tissue patterning and auxin flux in the Arabidopsis root. (a) The
quiescent central cells are surrounded by initials and their progeny.
The prevailing orientation of cell division generates long cell files.
(b) A maximum of auxin accumulation, as monitored by Sabatini et al. [5]
using a reporter gene proxy, was observed in the columella. The
direction of auxin flux is perpendicular to the prevailing orientation of
cell divisions. (c) Inhibition of polar auxin flux precipitates an altered
tissue organisation, leading to expansion of the zone with cells
characteristic of the distal end of the root tip. In both parts, the left
half-root shows tissue organization, and the right half-root shows auxin
flux. Prolonged treatment with phytotropins leads to a mirror image
duplicated meristem, as shown on the right.
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reversal of tissue polarity in the distal portion of the root,
explaining why auxin did not continue to accumulate in
the morphological, but non-functional root apex.
A common feature of these re-specifications of cell identity
is that they occur in cells two layers removed from the vas-
cular cylinder. This implies that further signals are required
to provide additional cues for appropriate positional devel-
opment. Does a tissue pre-pattern or continuous cell–cell
interaction enable auxin to orient the distal organizer
relative to the vasculature? Cell ablation experiments
showed that removing the central cells allowed them to
reform directly from provascular cells. Concomitantly, the
distal organization of columellar initials and columella cells
was recapitulated, but both processes were dependent on
auxin flux from the shoot [5]. Surprisingly, treatment of
Arabidopsis roots with a synthetic auxin above a threshold
concentration led to dosage-independent changes in tissue
specification similar to those observed with phytotropins.
This does not resolve whether auxin concentration gradi-
ents or the direction of auxin transport signal tissue respeci-
fication, because the synthetic auxin used (2,4D) is not
exported in a polar fashion as endogenous auxins are [12].
Just like many exciting experiments, these observations [5]
raise many more questions. However, they do begin to
clarify the role that auxin, and more specifically auxin flux,
plays in plant patterning. The observations emphasize
that auxin is required, but not sufficient for many (if not
all) growth and patterning processes in the plant. This
implies that the role of auxin is not that of a classical
morphogen, but rather to provide a positional frame of
reference for patterning. Just as the satellite-based global
positioning system used for navigation requires multiple
signals to establish accurate coordinates in three-dimen-
sional space, plant cells likely require several positional
cues to sense their location and develop accordingly.
The results reported by Sabatini et al. [5] emphasize the
dynamic nature of auxin signaling. Auxin concentration
and direction of flow is continuously monitored, and when
perturbed, a new pattern can organize itself progressively.
The congruence of the direction of auxin flux and the ori-
entation of cell division planes suggests that auxin signal-
ing strongly affects the organization of the cytoskeleton,
which governs the orientation of cell division. It is likely
that other auxin effects, such as inhibition or promotion of
cell expansion during gravitropic adaptation or hypocotyl
extension during seedling germination are also dependent
on cytoskeletal reorganization. Auxin efflux carriers are
coupled to the cytoskeleton [13,14], and this observation
provides a plausible mechanism for the translation of
positional cues into cellular responses. The race is on to
identify the other components of this network that
couples the development of plants with their remarkable
ability to adapt to their environment.
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